Sample preparations. Human adult Hb (Hb A) was prepared as previously described (1). The cross-link agent bis(3,5-dibromosalicyl)fumarate was synthesized according to Walder et al. (2) and recrystallized twice from ethanol. Two symmetric CO-bound Fe(II)−Ni(II) hybrid Hbs, XL[α(Fe-CO)β(Ni)]2 and XL[α(Ni)β(Fe-CO)]2, in which either the α or β subunits contain Ni(II) heme and the two αβ dimers are cross-linked by a fumaryl group between the two β82Lys(EF6) residues, were prepared and purified by the procedures described previously (3). A naturally occurring mutant human Hb C (β6Glu(A3) → Lys) was prepared by the method previously described (4).
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Crystallization of COHb C in the R-state was carried out at 20˚C under an atmosphere of CO according to the previously reported batch method (4) , to give a solution of 2.07% (w/v) COHb C in 0.528 M NaH2PO4 and 1.122 M K2HPO4 buffer (pH 7.2), containing 10% (v/v) glycerol and the submicroscopic crystals as seeds.
Crystallization of COHb A in the R2-state was carried out at 20˚C using the microbatch method under paraffin oil with an atmosphere of CO, to give a solution of 1.05% (w/v) COHb A in 100 mM sodium cacodylate-hydrochloride buffer (pH 5.8), containing 10%
(v/v) glycerol and the submicroscopic crystals as seeds. Crystals of each of relaxed state Hbs appeared within a day and normally grew to an appropriate size within three days. Among grown crystals, we chose ~30 μm thick crystals for light transfer.
For all the crystals, the mother liquors containing 15-18% (v/v) glycerol were used as cryoprotectant in which the crystals were rinsed briefly before flash-freezing in liquid nitrogen.
X-ray structural determination. The diffraction data were collected at the beamline NW12A of the Photon Factory, KEK (Tsukuba, Japan) using a Pilatus3 S2M detector.
The wavelength of the incident X-rays was 1.00 Å. Crystals were irradiated with a highrepetation 1.2 ns-pulsed 532 nm-Nd:YAG laser (FDSS532-Q2, CryLas, Berlin) with a 10 kHz repetition rate and an average power of 47 mWmm -2 . To increase the signal-to-noise ratio of difference Fourier electron density maps (|Fobs| light − |Fobs| dark )·exp[iΦ calc ], both the data sets with (light) and without (dark) laser irradiation were collected from the same crystal. In the case of R or R2, the dark and light datasets were collected from one crystal at each temperature (95 or 140 K). Total X-ray exposure time was generally within 10 min in the dark and light states at 95 K or 140 K. One exception is the crystal of T-state XL[α(Fe-CO)β(Ni)]2, for which X-ray exposure time was ~20 min in the dark and light states because this crystal was thinner than the others (i.e., ~15 μm vs ~30 μm). All data were processed and scaled using CrysAlis Pro a simulated-annealing protocol using a bulk solvent correction and further refined using COOT (7) and PHENIX (8) . The models of R-state COHb C were further refined using the Translation-Libration-Screw (TLS) method (9) to include an anisotropic motion.
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Structural evaluation of the final models of Hbs using MolProbity (10) indicated that 98-99% of the residues are in the most favorable regions of the Ramachandran plot. All data collection and refinement statistics are summarized in Tables S1-S3.
Difference Fourier electron density maps were generated using the CCP4 suite (11) and phenix.fobs_minus_fobs_map in PHENIX (8) . Structure factor amplitudes were obtained by TRUNCATE, combined using CAD, and scaled using SCALEIT. Finally, difference Fourier electron density maps (|Fobs| light -|Fobs| dark )·exp[iΦ calc ] were calculated in FFT using phases calculated from the refined dark structure. , where FFmean = Σ(FL 2 /σFL 2 + FD 2 /σFD 2 ) / Σ(1/σFL 2 + 1/σFD 2 ), FL is the structure factor amplitude from a light data set, and FD is the structure factor amplitude from the dark (reference) data set. ). b wRdiff (weighted difference R-factor) is calculated using ScaleIt of CCP4. wRdiff = Σ(|FL 2 -FFmean|/σFL 2 + |FD 2 -FFmean|/σFD 2 ) / Σ(FL 2 /σFL 2 + FD 2 /σFD 2 ), where FFmean = Σ(FL 2 /σFL 2 + FD 2 /σFD 2 ) / Σ(1/σFL 2 + 1/σFD 2 ), FL is the structure factor amplitude from a light data set, and FD is the structure factor amplitude from the dark (reference) data sets. Table S1 . b Rmerge =Σ|I-<I>|/Σ|I|, as defined in CrysAlis Pro (Rigaku Oxford Diffraction, 2016). c wRdiff (weighted difference R-factor) is calculated using ScaleIt of CCP4. wRdiff = Σ(|FL 2 -FFmean|/σFL 2 + |FD 2 -FFmean|/σFD 2 ) / Σ(FL 2 /σFL 2 + FD 2 /σFD 2 ), where FFmean = Σ(FL 2 /σFL 2 + FD 2 /σFD 2 ) / Σ(1/σFL 2 + 1/σFD 2 ), FL is the structure factor amplitude from a light data set, and FD is the structure factor amplitude from the dark (reference) data sets. At each temperature, the data sets for 2 min and 60 min were collected subsequently from the same crystal. Blue and red indicate positive and negative difference electron density, respectively. The data for 60 min and their representation are the same as those in Fig. 6 .
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